Abstract.-Uridine 2',3'-cyclic phosphonate (1) is slowly hydrolyzed by ribonuclease-A with k2 and Km values at pH6 that are respectively 1900 and 15 times smaller than the same parameters at the same pH for the related phosphate (II). Since the ratio of rate constants for hydroxide ion catalyzed hydrolysis is about 4, this result is consistent with, but does not prove a mechanism for the enzymic reaction that requires a pseudorotation.
The action of ribonuclease on a dinucleoside phosphate or cyclic phosphate substrate can be considered to proceed by either an "in-line" or an "adjacent" mechanism, according to the relative geometry of the entering and leaving groups in the displacement reaction.'-3 An adjacent mechanism implies the existence of a pentacoordinate intermediate and requires that this intermediate undergo pseudorotation before product can form., 4 There is no such restriction for the in-line case. In principle, therefore, it should be possible to distinguish between these alternative pathways by employing a substrate for which the formation or pseudorotation of the intermediate is inhibited. It is obviously necessary that in all other respects the test compound should resemble a normal substrate. We here report the initial results of our investigation of the riboilucleasecatalyzed hydrolysis of uridine 2',3'-cyclic phosphonate (I), a substance closely related to a normal substrate of the enzyme, but for which the rate of formation of a pentacoordinate intermediate by the adjacent path should be significantly reduced.
Experimental. -Bovine pancreatic ribonuclease-A was purchased from Worthington Biochemical Corporation as a phosphate-free lyophilized powder. Uridine 2',3'-cyclic phosphonate was prepared from the 3'-phosphonate5 by treatment with dicyclohexylcarbodiimide, and was isolated as the calcium salt. Analysis by means of specific ion electrodes, by ultraviolet and atomic absorption spectroscopy,6 and by thin-layer chromatography showed that this compound was contaminated with sodium and calcium chlorides, but contained a negligible amount of any other impurity, including ring-opened material. Before use, the calcium salt was converted to the sodium form by passage through a column of ion exchange resin (Dowex 50-Na+); in buffer solution at pH 6 and 4VC the sodium salt was stable for at least ten weeks. The apparent extinction coefficient of I based on the phosphorus content was 10,100 at Xmax 261.5 mu (9,550 at 259 mu for the phosphate). All enzyme kinetic runs were made in Tris acetate/sodium acetate/ acetic acid buffer at pH 6.00 4d 0.01, with the addition of KCl to give an ionic strength of 0.2. Delta e for the cyclic and ring-opened forms was determined for both I and II at 10-411 between 270 and 290 mjA at every 1 mu at a constant slit width of 0.2 mm, in buffer at pH 6 and ionic strength 0.20. The A28o/A,60 ratio was 0.32 for I and 0.24 for II. A Cary 15 spectrophotometer equipped with a thermostated cell block (25.000 4-0.01) was used for all absorption measurements and kinetic runs. The acid and the base hydrolyses were followed at 280 mg. Other details and the rate constants are given in Table 1 .
The enzyme catalyzed hydrolyses were followed at 280, 281, or 286 mA using the 0.1 slidewire. For the phosphate, an enzyme concentration of 3.5 X 10-7 M was used; six runs were made with substrate concentrations varying from 2.2 X 10-4 to 4.7 X 10-1 M. For the phosphonate the enzyme concentration was 3.4 X 10 l M; seven runs were made with substrate concentrations varying from 1.5 X 10-4 to 1.9 X 10-3M. For the phosphate, the integrated form of the Michaelis-Menten equation (including product inhibition)7 was adjusted directly to the experimental plots of substrate concentration versus time using the nonlinear weighted least-squares method described by Wentworth.8 Discussion.-To the extent that the M\iichaelis constant (Kin) measures binding-and this is probably a reasonable assumption here"-the phosphonate is bound to the enzyme somewhat more strongly than is the phosphate. However, the striking feature of the results shown in Table 1 is the large difference (X 1900) between the value of k2 for the phosphate and for the phosphonate. By contrast, the rates of nonenzymic hydrolysis of the two compounds in base (or in acid) are quite similar,14 so that the ratio of ratios: (k2 phosphate/k2 phosphonate): (koH phosphate/kOH phosphonate) is about 500. Since the phosphate has available two ester bonds, whereas the phosphonate has but one, it could be argued that the "chemical" hydrolysis unfairly favors the phosphate (both 2' and 3' esters are indeed formed on acid or base catalyzed hydrolysis of the cyclic phosphate;1' the enzymic reaction gives only the 3' ester"), so that this ratio perhaps underestimates the actual difference.'6 This large rate difference could be due to a combination of several factors:
(1) The phosphonate could bind to the enzyme with an orientation that precludes efficient catalysis. This explanation is suggested by previous findings'7 that small changes in the structure of the pyrimidine base can result in a large decrease in k2 (often with little change in Kin). In the present case, however, the base is unchanged, and although the specificity of the enzyme with respect to ±0.2 X 10-5 +40.02 X 10-3 a All rate constants were determined at 250; first-order rates are given (in sec -1). Substrate concentrations for the nonenzymic hydrolyses varied between 5 X 10-4 and 6 X 10-6 M. Error limits are standard deviations. Sodium salts of I and II were used.
b If the second-order dependence on H is assumed to hold up to 0.1 N acid, this would correspond substitution on the ribose ring is not known in detail, examination of the probable mode of binding of the phosphonate using the three-dimensional model18 of the structure of ribonuclease-S did not indicate any unfavorable steric interactions between the enzyme and the new CH2 group of the substrate. 19 In addition, the conformation of the phostone ring is under the same severe restraint that applies to the phosphate.
(2) Although the pK0 values of the phosphate and phosphonate are probably similar,14 the pH/rate optimum of the phosphonate may differ from that of the phosphate, and since measurements were made at but one pH, the phosphonate may appear a worse substrate than it really is. However, at about pH 6, the value of k2 for the phosphate is not changing rapidly with pH,12 and if this is also true for the phosphonate it seems unlikely that a major part of the rate difference would be due to this cause. This possibility will be further investigated as more material becomes available.
(3) Attack of water on the phosphorus atom to give a pentacoordinate intermediate or transition state can occur from either of two directions (see Fig. 1 ).
If the approach is from the left side (in-line), both the incoming water molecule and the 2' oxygen take up apical positions, and the resulting trigonal bipyramid can decompose directly to products. There is no requirement for an intermediate, but it is not excluded.3 If the approach is from the right (adjacent mechanism), the incoming water molecule and the 3' CH2 would take up apical positions, while the 2' oxygen would therefore initially assume a basal poxition. In order for product to strongly disfavored,4 and may occur 103 to 104 times more slowly than the related process for the phosphate.1 The rate constant for the subsequent pseudorotation would probably be increased, but since the rate-determining step is here likely to be the formation of the intermediate, reaction via the adjacent mechanismh would be expected to be slow. It is possible that the presence of the CH2 group could hinder the approach of water from the left side, and thus reduce the rate of an in-line mechanism, but this seems unlikely in view of the similarity of the rates of the nonenzymic hydrolyses for I and II which, in the former case, almost certainly involves an in-line mechanism. The two steps of RNase action: It has usually been the practice to equate water with a free nucleoside in the two steps that are catalyzed by RNase, and so discussions of mechanism have shown the ring opening step as the microscopic reverse of the ring closure, with ROH replaced by HOH. Although likely3, this is not an absolute requirement,25 and arguments favoring one mechanism for, e.g., the reaction of a dinucleoside phosphate, should not be applied uncritically to the ring-opening reaction (unless, of course, the ring opening is carried out by the same ROH to reform the diester). In principle, there are four different over-all mechanisms, involving all possible combinations of in-line and adjacent mechanism for the two steps. Each of these could be further subdivided according to whether the first step requires the catalytic groups in the same, or in a different, protonated form from the second step. Many of these possibilities may-be discarded as improbable.
In-line or adjacent? A central point of this investigation was to try to establish whether pseudorotation is obligatory in the action of ribonuclease; we have not proved that it is not, and therefore the adjacent mechanism cannot be excluded on the basis of these experiments. However, two strong claims have recently been made that pseudorotation is either not involved or is not When the hydrolysis of III was catalyzed by ribonuclease, no sulfur could be detected in the solvent, and the conclusion was drawn that pseudorotation could not have taken place. However, in this case pseudorotation is perhaps a necessary, but certainly not sufficient, condition for the observation of sulfur exchange. Whereas in the acid hydrolysis the three unesterified atoms (oxygen and sulfur) of the trigonal bipyramid become equivalent through pseudorotation, the enzyme would be expected to place some restrictions on this process, since these atoms will probably be closely associated with functional groups at the active site.22 In addition, the partitioning ratio of the intermediate (to give starting material or product) is not known, and could clearly be different for the acid and enzymic hydrolyses. Irrespective of these arguments, the availability of the isomers Mila and b fortunately should allow a completely unambiguous assignment of mechanism for the first step.
Reversal of acid/base roles? The in-line mechanism is usually shown as involving a reversal of the acid/base roles of the two imidazole groups in the second step. Thus one imidazole (B1) is pictured as a general base toward the 2'-OH, while the other (B2) acts as a general acid, protonating the 5'-O leaving group. This leaves the imidazole groups in the opposite state of protonation, and there has been much discussion as to whether the original state is first regained before the ring opening step. It has been assumed in a number of places23 that this question may be subject to an experimental test, since a reversal of the roles of the imidazoles (which differ in pKa) should give a different dependence of k2/Km on pH for the two steps. This assumption is in error, as is easily seen from a consideration of the relevant equilibria (Figure 2 Biochemistry, 6, 1298 Biochemistry, 6, (1967 . 12 del Rosario, E. J., and G. G. Hammes, Biochemistry, in press. 13 Erman, J. E., and G. G. Hammes, J. Am. Chem. Soc., 88, 5607 (1966). 14 Our results, together with those of Abrash et al."1 and Eckstein,20 indicate that the hydrolysis rate of II is of second order in hydrogen ion between 0.01 and 0.1 N acid, (I = 0.1), but of less than second order above this range (I = 0.4) The rate difference between the phosphate and phosphonate is greater in 0.4 N than in 0.1 N acid: ignoring specific salt effects this corresponds to a pKa for I very roughly 0.5 units higher than for II. The observed rate difference thus represents a combination of rate and equilibria effects. However, to the extent that the enzymic reaction involves general acid catalysis, the same types of factors would be expected to determine the relative rates of this reaction, and thus the acid catalyzed hydrolysis may also serve as a reasonable model for the intrinsic reactivity difference of I and II on the enzyme.
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